Cultivation-based and molecular approaches were used to characterize the phylogenetic composition and structure of the microbial community in an extremely acidic (pH 2.0) acid mine drainage (AMD) associated with Pb/Zn mine tailings that were undergoing vigorous acid generation. Acidophilic bacteria were isolated and enumerated on solid media, and were found to be restricted to isolates related to Acidithiobacillus ferrooxidans and Acidiphilium cryptum. By contrast, cloning and phylogenetic analysis of 16S rRNA genes revealed that, although low in total taxonomically distinct groups, the tailings AMD ecosystem harbored a wide range of phylogenetically diverse microbes. Of the 141 clones examined, 104 were phylogenetically affiliated with the recently discovered, iron-oxidizing Leptospirillum group III within the Nitrospira. It thus appears that iron serves as the major electron donor in this habitat. Thirty clones were affiliated with the Proteobacteria, half of which belonged to organisms related to Alphaproteobacteria species capable of ferric iron reduction. Other clones were grouped with Betaproteobacteria and Gammaproteobacteria (six clones each), and even with Deltaproteobacteria (three clones), a subdivision with anaerobic sulfate or metal (iron) reduction as the predominant physiological trait of its members. Finally, four clones were clustered within the Firmicutes and the Acidobacteria. Approximately half of the sequence types representing the majority of the total clones fell into lineages that are poorly represented by cultured organisms or have thus far been represented by only a few environmental sequences. Thus, the present study extends our knowledge of the biodiversity of microorganisms populating highly acidic AMD environments.
Introduction
Acid mine drainage (AMD) is one of the most serious environmental problems associated with mining activities. It results from the oxidization of sulfide minerals (principally pyrite, FeS 2 ), primarily via microbially mediated reactions, after the mine wastes are exposed to oxygen and water. By regenerating ferric iron, the activities of acidophilic microorganisms may greatly promote the dissolution of FeS 2 . In the past several decades, many investigations have been centered upon isolation and characterization of acidophilic microbes from various AMD environments Johnson et al., 2001) , and Acidithiobacillus (At.) ferrooxidans (previously Thiobacillus ferrooxidans) (Kelly & Wood, 2000) and Leptospirillum ferrooxidans have been widely recognized as the predominant organisms responsible for AMD production. More recently, cultivation-independent molecular methods have been introduced to examine the biodiversity of these unique habitats, and increased microbial diversity has been revealed (Amaral Zettler et al., 2002; Baker & Banfield, 2003) . Newly discovered organisms have been found to be dominant in various acidic mine environments, and they probably play important roles in AMD generation (Bond et al., 2000a) .
Mine tailings are the primary sites of AMD generation. Although AMD formation can be constrained by means of shallow-water covers, 'dry cover' coating and application of biocides (Ledin & Pedersen, 1996; Johnson & Hallberg, 2005) , there are still large amounts of open-dumped tailings in many countries where environmental regulations are not strongly enforced. Consequently, AMD with high levels of sulfate and metal ions is readily produced from tailings exposed to oxygen and water. Although previous cultivation-based investigations have suggested that iron-oxidizing bacteria, such as Acidithiobacillus, are involved in the acidgeneration process of mine tailings (Southam & Beveridge, 1992; Schippers et al., 1995; Fortin et al., 1996) , the diversity of microorganisms and the roles they play in situ remain largely unknown as normally only a small proportion of the bacteria present in these extreme environments are readily culturable ). Thus, a combination of both molecular approaches and traditional cultivation techniques may provide more insights into components of the microbial communities and the roles they play in AMDproducing ecosystems (González-Toril et al., 2003) .
The only report using both cultivation-based and molecular phylogenetic approaches to elucidate the microbial diversity in AMD associated with mine tailings was published by Bruneel et al. (2005) . Very low diversity of both culturable and unculturable bacteria was detected in the subsurface As-rich, acidic waters of the Carnoulès Pb/Zn mine tailings impoundment (France), which has been abandoned for over 40 years (Bruneel et al., 2005) . In this paper, we describe the diversity of culturable and unculturable microorganisms in an extremely acidic AMD associated with open-dumped Pb/Zn tailings that were undergoing vigorous acid generation. The Lechang tailings AMD differs from the Carnoulès AMD in that it originates from newly deposited tailings, and had low As levels, relatively constant pH values and relatively high temperature and Eh. Indeed, significant differences in microbial community structure and diversity were observed between these two different tailings AMD. In particular, sequences from the newly discovered iron-oxidizing Leptospirillum group III dominated the 16S rRNA gene clone library of the open-dumped Pb/Zn tailings AMD.
Materials and methods

Site description and sampling
The Lechang Pb/Zn mine is located about 4 km east of Lechang City in northern Guangdong Province, China (Fig.  1) . It covers an area of approximately 1.5 km 2 . The climate in this region is humid subtropical with an annual rainfall of about 1 500 mm, mainly from summer thunderstorms. Minerals extracted mainly consist of pyrite, sphalerite, galena and magnetite, and to a lesser extent calcite, muscovite, and quartz. Mining operations have been conducted in a conventional underground manner since the late 1950s. Mine tailings produced from the milling process are discharged into several adjacent tailings ponds as a slurry. It was estimated that approximately 30 000 tons of tailings were generated annually with a dumping area of 60 000 m 2 (Shu et al., 2001) . The AMD from the acid-generating tailings usually contains low pH and elevated concentrations of metals, and it has been discharged directly (without any treatment) to the environment for many years.
Water samples were collected in triplicate from the acidic runoff ponds associated with the mine tailings on 18 September 2004. Samples for microbial cultivation and genomic DNA extraction were collected in 500-mL sterile serum bottles, and samples for physicochemical analysis were collected directly in polyethylene bottles. Samples for microbial cultivation were taken to the laboratory within 4 h and stored at 4 1C. Samples for DNA extraction and physicochemical analysis were immediately kept on ice for transport to the laboratory and stored at 4 1C.
Physicochemical analysis
Samples were measured in situ for temperature, pH, Eh, dissolved oxygen (DO) and electric conductivity (Ec) using specific electrodes. Other parameters were measured in the laboratory. Dissolved organic carbon (DOC) was measured by a total organic carbon analyser (TOC-V CSH ; Shimadzu) and sulfate concentrations were determined by a turbidimetric method. Total As was determined by atomic fluorescence spectrometry (AFS) (AFS-820; Gi-Tian). Other metal concentrations were determined by atomic absorption spectrophotometry (AAS).
Isolation, enumeration and identification of acidophilic bacteria
Samples for cultivation experiments were processed within 24 h of sampling. Acidophilic iron-and sulfur-oxidizing bacteria, moderately acidophilic iron-oxidizing bacteria as well as acidophilic heterotrophs were enumerated and isolated using the overlay media (Feo, FeSo, FeTo and YEo, respectively) as previously described (Johnson, 1995; Hallberg & Johnson, 2003) . These overlay media have been shown to be highly efficient and selective for cultivation of autotrophic and heterotrophic acidophiles. Water samples were serially diluted in sterile basal salts solution (pH 3.0) and plated (in triplicate) on solid media, followed by 10-20 days incubation in the dark at 28 1C prior to enumeration. Plate counts of microbes were determined as CFU mL À1 .
Representative colonies from each of the overlay plates were then purified by streaking at least twice before obtaining final pure isolates. Colonies that grew on different overlay plates were viewed using a stereo-scan microscope (Leica, ZOOM 2000) .
Procedures for molecular identification of the isolates, including genomic DNA extraction, and PCR amplifying, cloning and comparative sequence analysis of 16S rRNA genes, were the same as those described for environmental nucleic acid sample analysis (see below). The only exception was that the primer set 27f (5 0 AGAGTTTGATCCTGGCTCAG3 0 ) and 1492r (5 0 GGTTACCTTGTTACGACTT3 0 ) (Lane, 1991; Dojka et al., 1998) was used in the PCR reactions.
Nucleic acid extraction and 16S rRNA gene clone library analysis
Aliquots (c. 500 mL) of the AMD water samples were centrifuged for 10 min at 12 000 g, 4 1C, and the cell pellets were stored at À 20 1C. Genomic DNA was extracted from the cell pellets by a rapid extraction method (Tsai & Olson, 1991) . Briefly, the cells were lysed by using lysozyme and a freeze-thaw procedure, and the lysate was extracted with sodium dodecyl sulfate and phenol-chloroform. Community 16S rRNA genes were amplified from the pooled DNA samples (of triplicate extractions from each sample) using the universal oligonucleotide primers 533F (5 0 GTGCCAGCMGCCGCGGTAA3 0 ) and 1492r (5 0 GGTTACCTTGTTACGACTT3 0 ) (Lane, 1991; Dojka et al., 1998) . The PCR reaction was performed with a thermal program of 25 cycles at 94 1C for 1 min, 50 1C for 1 min and 72 1C for 2 min. The amplified products were purified with a QIAquick PCR purification kit (Qiagen). The correct sized amplicon was then excised from a 1% agarose gel and eluted with a Qiaex II gel extraction kit (Qiagen). Finally, the purified product was ligated into the T-vector (Takara) and the ligation product was transformed into Escherichia coli DH-5a competent cells with ampicillin selection and blue/white screening (Sambrook et al., 1989) .
rRNA gene inserts from recombinant clones were reamplified by PCR with vector primers P20 and P24. The resulting products were subjected to separate enzymatic digestions with HinPII (New England Biolabs) and MspI (Takara) endonucleases following the manufacturers' instructions, and the digested DNA fragments were run in 2% agarose gels. After staining with ethidium bromide, the gels were photographed using an image-capture system equipped with a Kodak DC-120 digital camera, and scanning image analyses were performed manually.
One to three representative clones from each unique restriction fragment length polymorphism (RFLP) type were fully sequenced by using M13/pUC universal sequencing primers P47 and P48. Sequencing was performed on an automated ABI 3730 sequencer (BigDye Terminator v 3.1 Cycle Sequencing Kit). The sequences obtained were compared with those in the GenBank by using the BLAST program. Putative chimeric sequences were identified by use of the CHECK-CHIMERA program (Maidak et al., 1997) , and by independently comparing the alignments at the beginning and the end of each sequence and the alignments of the entire sequence. Sequences differing only slightly ( 2%) were considered as a single relatedness group, and each group was represented by a type sequence. Phylogenetic trees were calculated by the Kimura two-parameter model (Kimura, 1980) and the neighbor-joining algorithm (Saitou & Nei, 1987) using the PAUP software (version 4.0 b8) (Swofford, 1999) . One thousand bootstraps were performed to assign condence levels to the nodes in the trees. In order to determine whether the clone library constructed was large enough to yield stable sequence type richness, two nonparametric richness estimators (S ACE and S Chao1 ) described by Kemp & Aller (2004b) were subsequently used, and calculated using an online program (http://www.aslo.org/ lomethods/free/2004/0114a.html).
Nucleotide sequence accession numbers
The partial 16S rRNA gene sequences of the isolates and clones from this study have been deposited in EMBL under accession numbers AM176774 to AM176778 and AM176780 to AM176833.
Results and discussion AMD water chemistry
The temperature and pH of the water associated with the tailings ranged from 27 to 28 1C and pH 1.9-2.1, respectively. The acidic solution contained high levels of total Fe (mean 4 841 mg L
À1
) and sulfate (mean 11 100 mg L À1 ), and had high Eh values (mean 1689 mV). It was observed that the AMD was highly and constantly acidic and red-brown colored throughout the year (data not shown), indicating that ferric iron was the dominant form of dissolved iron in this ecosystem. These results indicated that the extremely acidic AMD did not favor growth of moderately acidophilic bacteria, and that moderately acidophilic bacteria might play a minor role in the ecosystem. Interestingly, the numbers of culturable acidophilic heterotrophs growing on yeast extract plates (YEo, pH 3.0) exceeded that of the culturable autotrophic bacteria, reaching a density of 3.8 AE 0.1 Â 10 5 CFU mL
after 10 days of incubation. Although acidophilic chemolithotrophs are commonly found to out compete heterotrophic acidophiles (Berthelot et al., 1993; Hallberg & Johnson, 2003) , greater numbers of heterotrophic acidophiles have been recorded in several AMD sites , indicating that heterotrophs could play an important role in these extremely acidic environments.
Although a large number of colonies formed on overlay media, the numbers of species of culturable microorganisms were rather low (Table 1 ; Fig. 2a ). Even though they displayed apparently different colony morphologies on their respective overlay media, all the three representative strains (designated TH-1, TH-2 and TH-3, respectively) isolated on overlay plates Feo, FeSo and FeTo, respectively, were confirmed to represent the same species. These isolates shared 4 99.7% sequence identity with each other, and displayed Z99.7% sequence similarities with their closest counterparts in the GenBank, i.e. uncultured At. ferrooxidans clone KF/GS-JG36-22 previously retrieved from soil samples from uranium waste piles and At. ferrooxidans strain SS4 isolated from the same soils (Selenska-Pobell et al., 2001) . They also shared Z99.7% sequence similarity to the type strain, ATCC 23270 T , of At. ferrooxidans. Two heterotrophic isolates, designated YA-1 and YA-4, respectively, were recovered with the YEo plates. Comparative sequence analysis showed that they shared almost identical rRNA gene sequences (99.6% identity) and were closely related to Acidiphilium cryptum (99.7-99.8% identity). By using solid medium R2A (pH 7.0) and medium 100 : 10 (pH 3.5), Bruneel et al. (2005) also documented low diversity of culturable bacteria in the Carnoulès mine tailings AMD, where the isolates obtained were restricted to Thiomonas and At. ferrooxidans.
16S rRNA gene clone library
By using two universally conserved 16S rRNA gene-targeted PCR primers, a clone library was generated from total community DNA recovered from the acidic runoffs from the open-dumped Pb/Zn tailings. A total of 142 clones were randomly selected, and inserts were subjected to restriction endonuclease analysis, resulting in a total of 42 different RFLP types. One to three representative clones in each unique RFLP type were sequenced, and sequence similarity then reduced the RFLP groups to only 21 sequence types (e.g. those that share Z98% gene sequence identity), indicating that the tailings AMD community was low in total taxonomically distinct groups. Only one clone was found to be chimeric, and it was excluded from subsequent analyses. Comparative analysis of the retrieved sequences showed that all the clones could be grouped into the domain Bacteria. That archaeal rRNA gene sequences were not detected in the clone library was consistent with the lack of successful amplification of rRNA genes from environmental DNA samples when using archaeal-specific PCR primers (data not shown). Finally, our phylogenetic analyses placed the 20 nonchimeric sequence types in the Nitrospira, Proteobacteria, Firmicutes, and Acidobacteria groups (Table 2) . The Nitrospira group comprised the largest portion of the 16S rRNA gene library (107 clones and 75% of the library) (Table 2; Fig. 2b ). Of the six sequence types identified, four sequence types representing 104 clones were affiliated with Leptospirillum group III (Bond et al., 2000b) , and two sequence types containing three clones were phylogenetically associated with Leptospirillum group II (Edwards et al., 1999) . LCA133 and LCA30 represented the two most abundant sequence types in the library. They comprised 60 and 42 clones, respectively, and showed 4 97% similarity with 'Leptospirillum ferrodiazotrophum' UBA1, the only cultured representative of Leptospirillum group III recently isolated from an AMD biofilm in the Richmond Mine at Iron Mountain, California (Tyson et al., 2005) .
Leptospirillum group III represents a novel group of ironoxidizing chemolithoautotrophic organisms that is poorly represented by cultured organisms. Ten rRNA gene sequences from this group were successively retrieved from the Richmond Mine (Bond et al., 2000b; Druschel et al., 2004) , and additional sequences (two) have so far only been detected in a forested wetland site impacted by acid solutions derived from reject coal (Brofft et al., 2002) . As such, the group III clones recovered in the present study extend the range of habitats of this new Leptospirillum cluster (Fig.  2b) . The recent isolation of 'Leptospirillum ferrodiazotrophum' from an AMD biofilm within the Richmond Mine (Tyson et al., 2005) has confirmed that these microbes, as with the related L. ferrooxidans, are indeed iron-oxidizers. Leptospirillum group III is a minor component (o 10%) of most AMD biofilms within the Richmond Mine (Bond et al., 2000a; Tyson et al., 2004 Tyson et al., , 2005 ; however, because these microbes are capable of nitrogen fixation, they are considered to be the keystone species in those environments, and removal of these organisms would probably result in the collapse of the entire communities (Tyson et al., 2005) . Considering the distribution of group III clones in the Lechang gene library, it is likely that the major physiological trait at this site is iron oxidation, and that the Leptospirillum species represented by these clones might largely contribute to the production of AMD.
Next, a broad diversity of sequence types (30 clones representing 21% of the gene library) phylogenetically associated with the Proteobacteria was identified in the clone library (Table 2 ; Fig. 2a) . The Alphaproteobacteria represented the most abundant proteobacterial group. Sequence types LCA17 and LCA102, representing a total of 10 clones, were closely related (97.9% similarity) to the two isolates (YA-1 and YA-4) recovered from the YEo plates (Fig. 2a) . Both were phylogenetically related to Acidiphilium species, which are capable of reducing ferric to ferrous iron by respiring reduced carbon compounds (Johnson & Bridge, 2002) . Consequently, these Alphaproteobacteria members may also play a role in the iron cycle in this acidic habitat. Two atypical Gammaproteobacteria sequence types (LCA88 and LCA77), represented by three and two clones, respectively, were phylogenetically related to YNPRH65B (96-97%), a soil bacterial clone recovered from the Yellowstone National Park, USA, where an abrupt increase in soil temperature had occurred due to recent geothermal activity (Norris et al., 2002) , and to Ellin339 and Ellin307 (96%), two soil bacterial isolates in a new order of the Gammaproteobacteria recently isolated from an Australian pasture (Sait et al., 2002) (Fig. 2a) . These phylogenetically novel rRNA gene sequences were individually branched in the phylogenetic tree. Because members in this group were not closely related to any well-characterized organisms, neither their physiological characteristics nor their phylogenetic placement was very clear. The three clones represented by LCA5 and LCA116 were grouped within the Deltaproteobacteria (Fig. 2a) . In a previous study, Bond et al. (2000b) detected for the first time microorganisms from the Deltaproteobacteria from the Richmond Mine. Additional sequences from AMD-inhabiting Deltaproteobacteria organisms have since been detected in two other sites, i.e. a forested wetland impacted by acid solutions derived from reject coal (Brofft et al., 2002) , and the subsurface waters of the Carnoulès Pb/ Zn mine tailings impoundment (Bruneel et al., 2005) . Interestingly, the closest database match for LCA5 and LCA116 were two environmental clones (BA71 and BA9) retrieved from Iron Mountain AMD (Bond et al., 2000b) . As sulfate and ferric iron concentrations were high in the solutions studied, and sulfate/metal (iron) reduction is the predominant physiological trait of members of the Deltaproteobacteria, Bond et al. (2000b) suggested that these a typical clones might represent sulfate and/or iron reducers. The cultivation and characterization of members belonging to this newly detected group would provide insights into the roles and functions of these organisms in these acidic environments. Of note, LCA74 was the only detected clone that was closely related to At. ferrooxidans (Fig. 2a) . Together with Leptospirillum ferrooxidans, At. ferrooxidans is traditionally widely considered to be the organism that controls the rate of AMD generation. However, fluorescence in situ hybridization (FISH) studies have shown that At. ferrooxidans plays a limited role in acid generation in subsurface acid-forming environments in the Richmond Mine (Schrenk et al., 1998) .
Other sequence types detected were LCA95, which included three clones phylogenetically related to the low-G1C Gram-positive Sulfobacillus thermosulfidooxidans (95% similarity) in the Firmicutes, and LCA129, which fell within the Acidobacteria group and displayed 92.7% sequence identity with Acidobacterium capsulatum (Fig. 2b) .
Previously conducted cultivation-dependent studies and some molecular phylogenetic analyses have suggested that the diversity of microorganisms in AMD habitats tends to be low (Bond et al., 2000b; Johnson et al., 2001; Hallberg & Johnson, 2003) . Although members from only three major lineages of the Bacteria domain were detected in the 16S rRNA gene clone libraries constructed by Bond et al. (2000b) when analysing the slump slime and snottite materials in the Richmond mine, the majority of the sequences retrieved represented novel species. Our results are quite similar to those reported by Bond et al. (2000b) , in that most of the rRNA gene sequences obtained belong to bacterial groups that are poorly or not represented by cultivated strains. By contrast, members of the Deltaproteobacteriaand microorganisms closely related to cultivated and known taxa dominated (65%) the 16S rRNA gene clone library of the Carnoulès As-rich mine tailings AMD (pH 1.88) (Bruneel et al., 2005) . In order to determine whether the clone library we constructed was large enough to yield stable sequence type richness, two richness estimators (S ACE and S Chao1 ) were used (Fig. 3) . They both reached a stable asymptotic value, indicating that our library is sufficiently large to yield stable sequence type richness estimates (Kemp & Aller, 2004a, b) .
In conclusion, although low in total taxonomically distinct groups, the acidic runoffs from the Lechang acid-generating Pb/Zn tailings harbored a microbial community with a wide range of phylogenetic diversity and include members from seven of the eight major bacterial lines of descent previously detected in various acidic environments (Baker & Banfield, 2003) . Most of the examined rRNA gene clones represent organisms from bacterial lineages that are either poorly represented by cultured organisms (e.g. Leptospirillum group III) or so far represented by only a few environmental sequences. Cultivation and characterization of these as yet uncultured organisms will lead to a better understanding of their role in the acid-generation process at this site. Fig. 3 . Predicted numbers of sequence types based on S ACE () and S Chao1 () vs. library size. The Lechang AMD library reached an asymptotic maximum, indicating that they are large enough to yield stable estimates of sequence type richness.
